Introduction
The mammalian c-Abl and Arg nonreceptor tyrosine kinases have been implicated in cellular responses to growth factor stimulation, integrin activation and diverse types of stress (Kharbanda et al., 1995; Lewis et al., 1996; Plattner et al., 1999; Sun et al., 2000a; Cao et al., 2001; Ito et al., 2001) . As found in members of the Src family, the N-terminal regions of c-Abl and Arg contain tandem Src homology 3 (SH3), SH2 and tyrosine kinase (SH1) domains (Goff et al., 1980; Kruh et al., 1990) . The C-terminal regions of c-Abl and Arg, however, differ from the other nonreceptor tyrosine kinases by the presence of globular and filamentous actin-binding domains (Van Etten et al., 1994) . c-Abl, but not Arg, also contains nuclear localization signals (Van Etten et al., 1994) and DNA-binding sequences (Kipreos and Wang, 1992) in the C-terminal region. c-Abl is tightly regulated in cells by mechanisms involving intramolecular interactions of the N-terminus with the SH3 and SH2 domains (Barila and SupertiFurga, 1998; Pluk et al., 2002; Nagar et al., 2003) . Src kinase-mediated phosphorylation of c-Abl and Arg stimulates their kinase activities (Plattner et al., 1999; Tanis et al., 2003) . Moreover, both c-Abl and Arg are activated by autophosphorylation (Tanis et al., 2003) . Other studies have shown that c-Abl is activated by protein kinase Cd in response to oxidative stress (Sun et al., 2000b) .
The generation of reactive oxygen species (ROS) during normal cellular metabolism is associated with damage to DNA, proteins and lipids (Berlett and Stadtman, 1997; Croteau and Bohr, 1997) . The p66 shc adaptor protein, phosphatidylinositol 3-kinase and p53 have been implicated in the apoptotic response to ROSinduced damage (Yin et al., 1998; Migliaccio et al., 1999) . c-Abl and Arg are also activated by oxidative stress (Sun et al., 2000a; Cao et al., 2001 ) and both proteins are necessary for ROS-induced apoptosis (Cao et al., 2003c) . The available evidence indicates that c-Abl and Arg form heterodimers in cells treated with H 2 O 2 , and that c-Abl phosphorylates Arg (Cao et al., 2003c) . c-Abl and Arg also interact with catalase in response to H 2 O 2 and thereby regulate intracellular oxidant levels (Cao et al., 2003b) . Further support for the involvement of c-Abl and Arg in the control of ROS comes from the demonstration that both kinases can contribute to the activation of glutathione peroxidase 1 (Gpx1) (Cao et al., 2003a) . These findings have indicated that c-Abl and Arg play dual roles in both protecting cells against oxidative stress and, in the presence of uncontrollable ROS levels, by functioning as effectors of the apoptotic response.
The present studies demonstrate that Arg is stabilized at low and degraded at high concentrations of H 2 O 2 . We show that phosphorylation of Arg on Y-261 at low and not high concentrations of H 2 O 2 confers Arg stability by inhibiting its ubiquitination and proteosomal degradation.
Results

Arg is degraded in the oxidative stress response
Treatment of cells with H 2 O 2 is associated with Arg activation (Cao et al., 2001) . To determine if oxidative stress also affects Arg expression, MCF-7 cells were treated with H 2 O 2 . Immunoblot analysis of cell lysates demonstrated that Arg expression is decreased by 1.0, but not 0.1, mM H 2 O 2 treatment (Figure 1a) . To extend this analysis, 293 cells expressing Flag-Arg were treated with H 2 O 2 . Exposure to 0.1 mM H 2 O 2 had little, if any, effect on Arg levels (Figure 1b) . Treatment with 1.0 mM H 2 O 2 , however, resulted in a substantial decline in Arg expression (Figure 1b) . Pulse-chase studies were therefore performed to assess the effects of H 2 O 2 on Arg stability. The results demonstrate that Arg has a half-life of B10.0 h in control cells (Figure 1c ). Similar results were obtained when cells were treated with 0.1 mM H 2 O 2 ( Figure 1c ). By contrast, the half-life of Arg in cells treated with 1 mM H 2 O 2 was less than 2.5 h (Figure 1c ). These results indicate that Arg is destabilized by high concentrations of H 2 O 2 . Significantly, 1.0 mM H 2 O 2 -induced downregulation of Arg expression was attenuated when similar experiments was performed on cells expressing a kinase-inactive Flag-Arg(K337R) mutant (Figure 1d ). In concert with these results, the half-life of Arg(K337R) was 12 h in control cells and B6 h in cells treated with 1.0 mM H 2 O 2 (Figure 1e ). These findings indicate that stability of Arg is regulated by oxidative stress, and that this response is dependent in part on the Arg kinase function.
Phosphorylation of Arg regulates its degradation
To assess the effects of tyrosine phosphorylation on the regulation of Arg stability, lysates from H 2 O 2 -treated cells expressing Flag-Arg were subjected to immunoprecipitation with anti-Flag. The immunoprecipitates were normalized for Flag-Arg levels and then analysed by immunoblotting with anti-P-Tyr. The results show that treatment with 0.1 mM H 2 O 2 is associated with an increase in tyrosine phosphorylation of Arg (Figure 2a 
Arg Y-261 regulates Arg kinase activity
To determine if the Y-261 site also functions as a substrate for Arg, we incubated GST-Arg(110-271) or GST-Arg(110-271)(Y261F) with active Arg in an in vitro kinase assay. The K m value for Arg-mediated phosphorylation of GST-Arg(110-271) was 334 nM. The finding that Arg phosphorylates Arg(110-271)(Y261F) to a lesser extent than Arg(110-271) indicated that Y-261 may function, at least in vitro, as an autophosphorylation site (Figure 4a, left) . Excision of the GST-Arg(110-271) and GST-Arg(110-271)(Y261F) bands from the gel and quantitation of the radioactivity confirmed that the Y261F mutation decreases autophosphorylation by B70% (Figure 4a, right) . To extend this analysis, in vitro translated Flag-Arg and certain mutants were immunoprecipitated with anti-Flag conjugated to agarose and subjected to in vitro kinase assays. Mutations at Y-161, Y-174 or Y-272 had little, if any, effect on Arg autophosphorylation (Figure 4b and data not shown). Less autophosphorylation was observed with Arg(Y439F), consistent with involvement of this site in activation of the Arg kinase function (Figure 4b) . Notably, autophosphorylation was substantially decreased with the Arg(Y261F) mutant (Figure 4b ). By contrast, autophosphorylation of the double Arg(Y261F/Y439F) mutant was comparable to that obtained with Arg(Y439) (Figure 4b ). Using cell lysates, anti-Flag immunoprecipitates of wild-type Arg and its mutants were normalized for Flag-Arg levels.
Assessment of autophosphorylation (Figure 4c ) and immunoblotting of the immunoprecipitates with anti-P-Tyr (Figure 4d ) demonstrated that tyrosine phosphorylation of Arg(Y261F) is undetectable compared to that with Arg and Arg(Y272F). In concert with the in vitro data (Figure 4b) , tyrosine phosphorylation of Arg(Y439F) and Arg(Y261F/Y439F) was also detectable, but decreased, compared to control. Similar results were obtained when the same immunoprecipitates were incubated with the Arg substrate, GST-Crk(120-215) (Figure 4e ). These findings indicate that abrogation of the Arg kinase function by the Y261F mutation is dependent on phosphorylation of the Y-439 site.
Arg Y-261 regulates Arg ubiquitination in the oxidative stress response
To determine if Arg is subject to ubiquitination and thereby degradation, cells expressing wild-type Flag-Arg were treated with the proteosome inhibitor MG132. Immunoblot analysis of anti-Flag immunoprecipitates with anti-Ub showed a low level of reactivity (Figure 5a ). Even lower reactivity was obtained from cells expressing Flag-Arg(K337R) (Figure 5a) . A similar analysis of Flag-Arg(Y261F), however, demonstrated a substantial increase in ubiquitination ( Figure 5a ). As anticipated from the stability data, ubiquitination of Arg(Y439), Arg(Y261F/Y439F) and Arg(K337R/Y261F) was comparable to that obtained for wild-type Arg (Figure 5a ). Moreover, MG132 treatment of cells expressing Arg(Y261F) was associated with an increase in levels, consistent with ubiquitination and subsequent degradation by the proteosome (Figure 5b, left) . MG132 also stabilized wild-type Arg in the presence of 1.0 mM H 2 O 2 (Figure 5b, right) . To further relate these findings to the oxidative stress response, cells expressing Flag-Arg were treated with MG132 in the absence and presence of H 2 O 2 . Anti-Flag immunoprecipitates were normalized for Flag-Arg levels and probed with anti-Ub (Figure 5c ). Exposure to 0.1 and 0.25 mM H 2 O 2 had little, if any, effect on anti-Ub reactivity as compared to control (Figure 5c ). Conversely, treatment with 1.0 mM H 2 O 2 resulted in a substantial increase in Arg ubiquitination (Figure 5c ). When similar experiments were performed with Arg(Y261F), H 2 O 2 treatment had little effect on ubiquitination as compared to control (Figure 5d ). These findings indicate that Arg is subject to ubiquitination in response to oxidative stress, and that such modification is blocked by phosphorylation of the Y-261 site.
Discussion
Arg is subject to ubiquitination and degradation
The present studies demonstrate that tyrosine phosphorylation of Arg is increased in the response of cells to 0.1 mM H 2 O 2 , and that there is little effect on Arg levels. In contrast, exposure of cells to 1.0 mM H 2 O 2 decreased 
Arg kinase function is regulated by Y-261 phosphorylation
Mouse c-Abl is activated by phosphorylation on Y-245 and Y-412 (Brasher and Van Etten, 2000; Tanis et al., 2003) . Mutation of the corresponding sites in Arg (Y-272 and Y439) has shown that autoactivation of Arg involves phosphorylation of one or more additional sites (Tanis et al., 2003) . Taken together with the present results, Y-261 represents, at least in part, an additional phosphorylation site that contributes to Arg activity ( Figure 6 ). Indeed, consistent with a requirement for phosphorylation of Arg on Y-261 to protect against ubiquitination, our results also indicate that ubiquitination of Arg requires Arg activation. In this regard, Arg(Y261F) is stabilized and not ubiquitinated when combined with Y439F or K337R mutations, both of which abrogate Arg activation. Moreover, the stability Indeed, the finding that Arg activity is decreased to a greater extent with Arg(Y261F) than Arg(Y439F) and Arg(Y261F)(Y439F) is consistent with a mechanism in which downregulation of the Arg kinase function by the Y261F mutation is dependent on phosphorylation of Y-439. In this regard, Arg(Y261F) is also subject to increased ubiquitination compared to that found for Arg(Y439F) and Arg(Y261F)(Y439F), and Arg ubiquitination is dependent on the phosphorylation of Y-439.
c-Abl and Arg regulate anti-and prosurvival responses to oxidative stress
Normal aerobic metabolism is associated with a substantial amount of oxygen that is reduced by the mitochondrial respiratory chain, converted to superoxide and then to H 2 O 2 by superoxide dismutase (Fridovich, 1997) . H 2 O 2 plays essential roles in cell signaling (Sundaresan et al., 1995; Irani et al., 1997) . Conversely, excessive amounts of H 2 O 2 induce apoptosis (Jacobson, 1996; Manna et al., 1998) . Little, however, is known about the signaling mechanisms that regulate H 2 O 2 levels. Certain insights have come from the observation that c-Abl and Arg are activated in cells exposed to H 2 O 2 (Sun et al., 2000a; Cao et al., 2001) . cAbl and Arg phosphorylate catalase and thereby stimulate catalase activity (Cao et al., 2003b) . GPx1 activity is also stimulated by c-Abl and Arg (Cao et al., 2003a) . These findings have indicated that c-Abl and Arg function in protecting cells against oxidative stress by regulating H 2 O 2 levels. Notably, c-Abl is also targeted to mitochondria in H 2 O 2 -treated cells and contributes to the induction of apoptosis . Moreover, cells deficient in either c-Abl or Arg exhibit resistance to H 2 O 2 -induced cell death (Sun et al., 2000a; Cao et al., 2001; Kumar et al., 2001) . Paradoxically, cells deficient in both c-Abl and Arg are exquisitely sensitive to H 2 O 2 -induced apoptosis, presumably because of ROS accumulation and thereby loss of the mitochondrial transmembrane potential (Cao et al., 2003b) . The present findings indicate that Arg degradation by the Ub-proteosome pathway may represent another mechanism that, in the presence of uncontrollable H 2 O 2 levels, contributes to apoptosis in response to oxidative stress. 
Materials and methods
Cell culture
Human MCF-7 breast cancer and 293 cells were grown in high glucose Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal bovine serum (HI-FBS), 100 U/ml penicillin, 100 mg/ml streptomycin and 2 mM L-glutamine. Cells were treated with H 2 O 2 (Sigma) or MG132 (Calbiochem). Transfections were performed in the presence of Lipofectamine (Invitrogen).
Vectors
Flag-tagged Arg and mutated variants were expressed by cloning into the pcDNA3.1-based Flag vector. All mutations were confirmed by DNA sequencing. Myc-tagged c-Abl and c-Abl(K290R) were prepared by cloning into the pCMV-Myc vector (Clontech).
Immunoprecipitation and immunoblot analysis
Cell lysates were prepared in lysis buffer (50 mM Tris-HCl, pH 7.5, 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 10 mM sodium fluoride, and 10 mg/ml aprotinin, leupeptin and pepstatin). Soluble protein was subjected to immunoblot analysis with anti-Flag (M2, Sigma), anti-Arg (Cao et al., 2001) , anti-ubiquitin (Ub; Santa Cruz Biotechnology), antigreen fluorescence protein (GFP; Clontech) or anti-P-Tyr (4G10, Upstate Biotechnology). Soluble protein was also subjected to immunoprecipitation with anti-Flag (M2, Sigma) and the resulting precipitates were analysed by immunoblotting. The antigen-antibody complexes were visualized by chemiluminescence (ECL, Amersham Biosciences).
Pulse-chase experiments
At 12 h after transfection, cells were washed twice with methionine-free DMEM and then incubated in methioninefree DMEM containing 20 mCi/ml [ 
Kinase assays
Purified recombinant GST-Crk(120-225) was incubated with anti-Flag immunoprecipitated Flag-Arg in kinase buffer (20 mM HEPES, pH 7.5, 75 mM KCl, 10 mM MgCl2 and 10 mM MnCl2) containing 2.5 mCi [g-32 P]ATP for 30 min at 301C. Assays were also performed under similar conditions without GST-Crk(120-225) to assess Arg autophosphorylation. Other kinase reactions were performed in which recombinant GST-Arg(110-271) or GST-Arg(110-271) (Y261F) was incubated with His-tagged human Arg (Upstate Biotechnology) or GST-tagged human c-Abl (Kharbanda et al., 2000) in kinase buffer containing [g-32 P]ATP. The reaction products were analysed by SDS-PAGE and autoradiography.
Determination of kinetic constants
Purified GST-Arg(110-271) was incubated at concentrations of 10, 50, 100, 200, 300 and 500 nM with 20 ng recombinant His-tagged human Arg or GST-tagged human c-Abl in kinase buffer containing 10 mCi [g-32 P]ATP and 100 mM ATP for 0, 4, 8, 12, 16 and 30 min at 301C. Reactions were stopped with SDS-PAGE sample buffer, boiled for 5 min and the proteins separated by SDS-PAGE. The GST-Arg(110-271) bands were excised from the gel and analysed by liquid scintillation counting. The Michaelis constant (K m ) was estimated from Lineweaver-Burke plots at the six different concentrations of substrate.
